We have developed a united atom force field able to accurately describe the adsorption properties of linear alkanes in the sodium form of FAU-type zeolites. This force field successfully reproduces experimental adsorption properties of n-alkanes over a wide range of sodium cation densities, temperatures, and pressures. The force field reproduces the sodium positions in dehydrated FAU-type zeolites known from crystallography, and it predicts how the sodium cations redistribute when n-alkanes adsorb. The cations in the sodalite cages are significantly more sensitive to the n-alkane loading than those in the supercages. We provide a simple expression that adequately describes the n-alkane Henry coefficient and adsorption enthalpy as a function of sodium density and temperature at low coverage. This expression affords an adequate substitute for complex configurational-bias Monte Carlo simulations. The applicability of the force field is by no means limited to low pressure and pure adsorbates, for it also successfully reproduces the adsorption from binary mixtures at high pressure.
I. Introduction
Research activity on zeolites, and on adsorption and heterogeneous catalysis in general, has experienced increased interest in the past few years. [1] [2] [3] [4] Zeolitic materials have outstanding properties due to their regular structures and high internal surface areas, and they are used in industry as ion exchangers, catalysts, and adsorbents. 5, 6 Molecular simulations are a powerful tool for gaining insight into these industrial processes at a molecular level. With the decreasing cost of computer simulations, there is an increasing demand for the use of detailed simulations to predict the properties resulting from the interaction of molecules and zeolites.
FAU-type zeolites are the most widely used zeolites in catalysis and separation processes. 2,7-9 In their synthesized form, the composition of the unit cell is Na x Al x Si 192-x O 384 , where 96 g x g 0. FAU-type zeolites have been labeled either X or Y depending on their framework aluminum density (x). Zeolite X has a framework aluminum density between 96 and 77 aluminum atoms per unit cell, whereas zeolite Y contains fewer than 77 framework aluminum atoms per unit cell. The FAUtype pore structure consists of sodalite cages arranged in 1.2-nm wide supercages accessible through 0.72-nm windows. Since the sodalite cages are not readily accessible for alkanes, adsorption tends to be limited to the supercages.
The adsorption properties of FAU-type zeolites containing framework aluminum and sodium cations depend on the interaction of the zeolite framework and the non-framework cations with the adsorbate molecules. Therefore, a thorough characterization involving all interactions between these elements (zeolite framework, adsorbates, and non-framework cations) is a missing key ingredient for understanding their performance as adsorbents.
A variety of computational studies have been reported on the location of cations in adsorbate-free faujasites. [10] [11] [12] [13] [14] [15] [16] [17] [18] Most of these studies used force fields with the same partial charge † University of Amsterdam. ‡ on silicon and aluminum. However, because of the close proximity between cations and framework atoms this approach is unsuited for modeling cations in zeolites and it cannot account for the allocation of cations to specific positions. 11, 13, 14, [17] [18] [19] Simulations with force fields distinguishing aluminum from silicon have also been performed, but these were mostly limited to zeolites with alternating silicon and aluminum to minimize the number of different types of bridging oxygen atoms. 11, 20 More importantly, these simulations completely ignored cation mobility. 11 Not until the publication of a force field by Auerbach et al. 14 in 1999 were these constraints overcome.
Computer simulation studies on the adsorption of molecules in cation-free FAU-type silica have also been reported. 21 There are a few simulations on the adsorption behavior of hydrocarbons in the sodium form of FAU-type zeolites ("Na-FAU") focusing on halocarbons 12,22-25 and aromatics. 26, 27 There are hardly any simulations involving linear alkanes on Na-FAU except for a few studies on the adsorption of the smallest, and computationally least expensive, hydrocarbons: methane 28-32 and ethane. 33 In 1978, Bezus et al. 28 used an atomistic representation in Monte Carlo simulations of methane in zeolite NaX. A decade later, Yashonath et al. 34 reported the first Monte Carlo study of the adsorption of a single methane molecule in NaY, and Woods and Rowlinson 29 computed the adsorption isotherms and isosteric heats of adsorption of methane in NaX and NaY using Grand Canonical Monte Carlo (GCMC) simulations. In both cases, the Kiselev potential model was used 35 where interactions between methane and the atoms of the framework were modeled in terms of a short-range LennardJones potential and a long-range Coulombic term. It is important to note that these simulations treated sodium cations as immobile and do not establish distinctions between silicon and aluminum and therefore cannot correctly allocate specific cation positions.
More recently, Maddox and Rowlinson 36 have studied the adsorption of nitrogen and methane mixtures in NaX using the GCMC technique. As before, sodium cations were considered as an immobile part of the zeolitic framework and the interactions with the adsorbates were defined through the Kiselev potential model. Later studies increased the complexity of the potential model, obtaining relatively good agreement with experimental adsorption data for methane. 31 Adsorption of ethane in NaY has been studied by Henson et al. using both inelastic neutron scattering and ab inito calculations. 33 They used the same set of parameters as Mellot et al. 12 in their simulations of chloroform in NaY. Finally, Yashonath et al. have also performed simulations of propane, 37,38 n-butane, 39 and several n-alkanes 40 in NaY but again discounting sodium mobility.
In this article, we present a force field where the nature, density, and mobility of the non-framework cation, the density of the framework aluminum, and all host-guest interactions are carefully taking into account. In section II, we explain the general computational methodology, the choice of our model, and the parameter optimization strategy. We also report a complete validation of the force field, as it accurately reproduces the sodium cation locations in adsorbate-free zeolites and the adsorption isotherms of n-alkanes (from methane to n-decane) in Na-FAU. In section III, we analyze the applications of this force field. We (1) address the question of cation location during adsorption, subsequently we (2) simplify the results with an empirical expression for Henry coefficients and heats of adsorption as a function of the sodium concentration, temperature, and linear alkane, and finally, we (3) extend our calculations to mixtures of alkanes at high pressure. In section IV, we give some concluding remarks.
II. Methodology
The development of our force field required (1) a model for the framework structure, (2) the partial charges of the zeolite atoms, (3) the interatomic potentials, and (4) an unambiguous optimization of potential parameters using configurational-bias Monte Carlo (CBMC) simulations. The conventional simulation techniques to compute adsorption isotherms are prohibitively expensive for long alkanes, whereas the CBMC technique simulates them at affordable cost. 41 In a CBMC simulation, molecules are grown bead by bead, biasing the growth process toward energetically favorable configurations and avoiding overlap with the zeolite. During the growth, the Rosenbluth factor is calculated. The average Rosenbluth factor is directly related to the free energy and the Henry coefficient. 42, 43 Simulations were performed in cycles, and in each cycle one move was chosen at random with a fixed probability of performing a molecule and an exchange with the reservoir (0.5). The maximum translational and rotational displacements were adjusted to achieve an acceptance probability of 50%. The total number of cations remained constant during simulations so only translation movements and regrowth at a random position in the zeolite were considered for this type of particles. The regrowing at a new, randomly selected position bypassed energy barriers. Henry coefficients were computed in the NVT ensemble (at a fixed number of particles N, volume V, and temperature T), including translation (0.1), rotation (0.1), partial regrowths (0.1), and regrowths of the entire molecule (0.7). For the NVT simulations, the total number of cycles was at least 1 × 10 7 . For the grand-canonical simulations, the number of cycles for one-component isotherms was 2 × 10 7 and at least 3 × 10 7 for the mixtures. More details on this simulation technique can be found elsewhere.
42,44,45
A. Model. The FAU-type framework was built from silicon, aluminum, and oxygen utilizing the crystallographic positions of these atoms in dehydrated NaX. 19 Zeolites structures with lower framework aluminum densities were obtained by randomly substituting aluminum by silicon. This procedure automatically satisfies the Löwenstein rule and it should afford a reasonable approximation of the framework aluminum distributions obtained by experimental methods. [46] [47] [48] [49] The charge distribution on the oxygen framework was considered static; i.e., polarization of oxygen by nearby sodium cations was neglected. Our model explicitly distinguishes silicon from aluminum with a difference of 0.3 e -between qSi and qAl.
14 Different charges were used for oxygen atoms bridging two silicon atoms, qOSi, and oxygen atoms bridging one silicon and one aluminum atom, qOAl. qOSi was obtained using the relation qSi + (2 × qOSi) ) 0, making the zeolite neutral in the absence of aluminum, while qOAl was chosen to make the total system charge equal to zero. 50,51 All partial charges are listed in Table 1 .
The non-framework sodium cation density was adjusted to match the framework aluminum density, and the density of the zeolites was determined by the framework atoms (aluminum, silicon, and oxygen) and the non-framework cations (sodium). In our model, the sodium cations could move freely and adjust their position depending on their interactions with the framework atoms, other sodium cations, and alkane molecules. To sample cation motions, we used displacements and insertions at new randomly selected positions. These random insertions bypassed energy barriers.
Molecular simulations using flexible zeolites showed that a flexible lattice can potentially influence diffusion properties. 52 To diffuse inside a zeolite the molecules had to pass energy barriers posed by channels and intersections. In a flexible zeolite framework, fluctuations can affect the size of the channels and intersections and, thereby, the height of these energy barriers. However, our study focuses on the low-energy, equilibrium configurations, so that the fluctuations in the higher-energy configurations in flexible zeolite models are negligible. 53 The interactions between guest molecules (alkanes and sodium cations) with the zeolite host framework were modeled by LennardJones and Coulombic potentials. The Coulombic interactions in the system were calculated using the Ewald summation. 42 The alkanes were described with a united atom model, in which CHx groups were considered as a single interaction centers with their own effective potentials. 54 The beads in the chain were connected by harmonic bonding potentials. The bond bending between three neighboring beads was modeled by a harmonic cosine bending potential, and changes in the torsional angle were controlled by a Ryckaert-Bellemans potential. The beads in a chain separated by more than three bonds interacted with each other through a Lennard-Jones potential. The interactions of the adsorbed molecules with the zeolite were dominated by the dispersive forces between the pseudo-atoms and the oxygen atoms of the zeolite, 28 of the framework and the sodium cations are given at the lower part of the table. OAl are oxygens bridging one silicon and one aluminum atom, and OSi are oxygens bridging two silicon atoms. The bond and bend parameters, the torsion potential, and the O-CHx interactions are taken from our previous works. 58, 59 were taken into account through an effective potential with only the oxygen atoms.
In the force field described here an "average" polarization was included implicitly in the parametrization by means of two effects: the polarization induced by the cation on the zeolite and on the alkanes. For the cation-zeolite interactions, we used the approach of Auerbach, 14 taking into account the polarization effects by adjusting the partial charges on the oxygen, depending whether they are connected to Si or Al. Concerning the polarization effects for the cation-alkane interactions, alkanes were very difficult to polarize, and therefore a logical approach was to use effective Lennard-Jones interactions between the cations and the alkanes.
B. Parameter Optimization. This work is concerned with a realistic description of the interaction between the sodium cations, the zeolite framework, and the alkanes. It turns out that the sodium cation distribution is a key factor to understand the adsorptive properties of the Na-FAU family of materials. However, diffraction methods are not always able to provide this information fully accurately. Even for wellstudied systems such as adsorbate-free NaX or NaY the precise location of some cations has remained uncertain. 19, 55, 56 In marked contrast, there is general agreement on the sodium distribution in LTA-type zeolites. Especially, LTA-type zeolites with alternating silicon and aluminum atoms have a highly symmetrical ion distribution. The sodium form of such an LTA-type zeolite has 12 sodiums per supercage distributed among three crystallographic sites (see Figure 1a) : in the center of the six ring (type 1), in the eight ring window (type 2), and opposite to a four ring (type 3). 57 Crystallographic studies indicate that these sites are occupied for 97.2, 24.2, and 6.6%, respectively. Molecular simulations with our optimized force field yield occupations of 100, 23.9 and 6.25%, respectively. In addition, the crystallographic locations of the sites obtained through molecular simulations are within 0.2 Å from those obtained though X-ray diffraction.
Using this set of parameters derived from this high alumina LTAtype zeolite, we performed simulations to obtain the average sodiumoxygen distances in FAU-type zeolite. The typical sites for sodium in adsorbate-free FAU-type zeolites are depicted schematically in Figure  1b . Sites I, I′, and II′ are in the sodalite cages and hexagonal prisms, while sites II, III, and III′ are in the supercages. More specifically, site I is in the hexagonal prism, sites I′ and II′ are inside the sodalite cage, site II is located at the center of the hexagonal prisms but displaced from this point into the supercage, and site III is in the supercage on a twofold axis opposing a four ring between two 12 rings. Some studies report three additional supercage III′ sites within 2.8 Å of site III. The resulting sodium-oxygen distances are listed in Table 2 . Although our results are within 0.2 Å of the experiments, our distances are slightly larger than those reported experimentally. The scatter in the experimental data makes it difficult to assess whether this points to a systematic deviation.
The alkane-sodium, alkane-alkane, and alkane-zeolite interaction parameters were obtained by calibrating the force field through explicitly fitting a full isotherm over a wide range of pressures, temperatures, and sodium densities. We fit complete adsorption isotherms, because experimental determination of the adsorption properties at very low and at very high coverage is fraught with difficulty resulting in a large spread in experimentally determined Henry coefficients and saturation loadings, respectively. 58, 59 Experimental agreement on data in the intermediate coverage regime is significantly better. We started by obtaining a reduced set of reliable experimental data of several independent research groups, to calibrate the simulations results. Next we fit, starting with the smallest number of free parameters, and increased the number of parameters incrementally. Once a reasonable set of parameters was obtained, we reexamined the experimentally available data and included the data that were consistent with the original data set. This extended data set was subsequently used for further refinement of the parameters. The procedure was repeated to obtain a best fit with the majority of the experimental data. The resulting force field parameters are listed in Table 1 . Except for NaX, aluminum atoms were asymmetrically arranged in the simulation box. Thus, to compute a reliable quantity in the thermodynamic limit, we averaged over different aluminum atom arrangements in the simulation cell. Figure 2 shows the excellent agreement of our computed isotherms for methane, ethane, and propane with available experimental data. 29, [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] Previous GCMC simulation data (only available for methane 29, 31 ) were included for comparison. The number of sodium cations and the temperature used for each isotherm were chosen to facilitate comparison with the experimental data, in principle treated with equal weight, and simulations were performed in all pressure range. Hence, methane isotherms in Figure 2a were obtained for structures with 60 and 86 Na + at 298 and 330 K, ethane isotherms; in Figure 2b , they were obtained for structures with 56 and 86 Na + at 300 K, and propane isotherms; in Figure 2c , they were obtained for structures with 58 and 86 at 300 and 293 K, respectively. Figure 2c shows the experimental discrepancies of Dzhigit et al. 66 and Hampson et al. 67 with Palmas et al. 68 These discrepancies are most likely due to factors such as structural imperfections, adsorption at the crystal surface, and pore-blocking that can render a large part of the zeolite inactive. The additional advantage of our simulations is to resolve these experimental discrepancies since they use "perfect" crystals and restrict the adsorption to the zeolite pores.
The resulting force field not only reproduces the experimental data from the calibration set, but also yields an extraordinarily good description of data not included in the calibration set. To validate the reliability of our force field, we computed adsorption isotherms of longer hydrocarbons (from n-butane to n-decane) and compared them with those available from experimental data. 64,68,71, 72 We computed adsorption isotherms of alkanes at several temperatures in FAU-type zeolites with different Na + cation densities. It is noteworthy that our computed isotherms reproduced the experimental isotherm shape and also the experimental saturation capacity of the validation data set. As an example, Figure 3a shows the excellent agreement of the computed isotherm for butane compared to Thamm et al. 71 at 300 K in Na-FAU with 82 sodium and aluminum atoms per unit cell. The agreement with experimental data of Tarek et al. 64 in NaX with 86 sodium and aluminum per unit cell for butane (300 K) and pentane (333 K) is also remarkable (see Figure 3a ,b), and it becomes outstanding in Figure 3c for decane in NaX with 83 sodium and aluminum atoms per unit cell at 413 K.
The adsorption of alkanes is strongly determined by the sodium cations in faujasites. The effect of cations is twofold: (1) they create additional adsorption sites and (2) they occupy free volume. In cagelike structures the first effect dominates at low and intermediate loadings below the excluded volume effect. For a channel structure, the excluded volume effect is compensated for the adsorption effect at low loading. The effect of cations on FAU-type structures is therefore much larger than that for MFI. 50 We would like to highlight that both sodium density and sodium mobility are essential factors during adsorption of alkanes in faujasites. Figure 3 compares the adsorption isotherms for butane, pentane, and decane obtained using the new force field with isotherms in (a) FAU without cations and (b) FAU with a fixed cation distribution. The comparison between isotherms in the structures with and without cations shows that the pressure needed to reach a certain loading in the structure without cations is up to 3 orders of magnitude higher than the one needed in the structure with cations. The second comparison shows that mobility of cations is indispensable to reproduce adsorption of alkanes in sodium faujasites. Simulations using frozen cations overestimate the adsorption of alkanes at low pressures and underestimate the adsorption of alkanes at high pressures.
Having established that the force field reproduces the calibration and validation data sets extremely well, we can now show how this force field readily yields information on a molecular level that would be extremely cumbersome to obtain through experimental studies.
III. Applications
A. Cation Redistribution upon Alkane Adsorption. Low occupancies of cations at specific crystallographic locations tend to interfere with a complete determination of the cation distribution by crystallographic methods such as X-ray diffraction. Furthermore, very small amounts of adsorbates (particularly water) have a pronounced effect on the location of sodium cations. As a first application, our force field provides information about the cation redistribution upon alkane adsorption in the sodium forms of FAU-type zeolites. We used FAU-type zeolites with 96 and 58 sodium and aluminum atoms per unit cell (FAU-96 and FAU-58, respectively) at 300 K. The study was carried out in two steps. First we performed simulations for the adsorbate-free zeolites to compare the force field for sodium with available experimental data, and subsequently we performed simulations with a loading up to 44 molecules of butane per unit cell, i.e., up to approximately the butane saturation loading (loading obtained at 1000 kPa). The sodium cation occupancies obtained from our simulations for the adsorbate-free FAU-type zeolites are fully consistent with the available experimental 11,19,56,73-80 and simulation data 14,81 as shown in Table 3 . For FAU-96, the simulation results are in excellent agreement with experiment, and cations occupy predominantly sites I′, II, and III′a. For FAU-58, simulations locate the sodium cations at sites I′, I, and II. Within experimental error, the match between simulations and experiments is again remarkable. These results further corroborate our force field. Subsequently, butane adsorption was simulated (Table 4) . 
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The adsorption of butane clearly redistributes the sodium cations. The temperature derivative of this equation provides an expression for the adsorption enthalpy ∆H 0 (kJ/mol): Figure 4 compares the Henry coefficients obtained for n-alkanes from this empirical expression with available experimental data. [64] [65] [66] [67] [68] 82 The calculated heats of adsorption of methane to dodecane in faujasite structures are given in Table  5 . Comparison with the large experimental data set available is also included in the table and shown as a function of the carbon number in Figure 5 , parts a and b, respectively. It is noteworthy that these data were not part of the calibration of validation data. The remarkable quantitative agreement and consistency on low-coverage properties of simulated and experimental data thus further corroborates and validates the new force field.
C. Adsorption in High-Coverage Regime. The applicability of the force field is by no means limited to low pressure, for it also reproduces accurately the adsorption of alkanes at high pres- sures. The saturation capacities of n-alkanes (methane to hexadecane) were computed for several Na faujasites structures. From our simulations we can conclude that (1) saturation capacities θ sat [molecules per unit cell] are roughly independent of the amount of sodium non-framework cations and (2) they can be fit to a second-order exponential decay as a function of the carbon number (CN):
where N AV is Avogadro's number, F is the zeolite density, and V is the volume of the unit cell. The saturation capacity [mol kg -1 ], along with the expression for the Henry coefficients (eq 1), allows the direct estimation of the adsorption isotherms of linear alkanes in sodium faujasites. The above correlations for the Henry coefficient and the saturation capacity can be used to obtain rough estimate of the complete adsorption isotherm, by using the Langmuir isotherm in the form:
where θ is the loading of alkane in the zeolite in mole per kilogram and p is the system pressure in Pa. Calculations using the above expression are in good agreement with the adsorption isotherms obtained from CBMC. This can be observed in Figure  6 for the adsorption of n-C7 and n-C9 in FAU containing 52 sodium cations. D. Simultaneous Adsorption of More Than One Component. Of particular interest for the catalytic use of zeolites is the adsorption selectivity from mixtures of alkanes. In zeolites with extremely large pores one would expect that the alkane with the highest boiling point adsorbs preferentially. Remarkably, LTA-, 83 FAU-, 84 MFI-, 85 and BEA-type zeolites 86 occasionally prefer absorbing the n-alkane with the lower boiling point, because it has a higher packing efficiency (i.e., a lower adsorption entropy) than the longer n-alkane with a higher boiling point. 9,84 Experimental reproduction of the initially reported entropic preference of NaY for n-octane instead of n-decane, n-dodecane, or n-tetradecane proved difficult 87 despite indications that adequate measures were taken to minimize intrusion from variations in sample preparation. 88 Recent experiments established that NaY does prefer adsorbing the shorter, lower boiling alkane from a mixture n-heptane and n-nonane at high pressure. Simulations using the best force field available at the time 50 corroborate the experiments in that they show a change in preference from n-heptane to n-nonane at 
Understanding the Role of Sodium during Adsorptionsufficiently high pressure. 9 However, the crossover pressure is significantly higher than that observed experimentally. In marked contrast, by repeating the simulations with the force field for sodium discussed in the current article we found that the crossover pressure yields nearly quantitative agreement ( Figure  7 ). This is notable, for it illustrates the successful application of the force field to systems very different from the calibration data. In agreement with recent experiments, the force field does not reproduce the preference of NaY for n-octane instead of n-decane or n-dodecane reported in the 1970s (Table 6 ). It does, qualitatively, corroborate a preference for adsorbing n-octane instead of n-tetradecane (Table 6 ). Without further experimental work it is difficult to fathom why the first report on adsorption entropy effects with FAU-type zeolites is not fully consistent with present-day research.
IV. Conclusions
We have developed and validated a united atom force field for alkanes in the sodium form of FAU-type zeolites that explicitly distinguishes Si and Al atoms through the different type of framework oxygen atoms and that accounts for the density, mobility, and interactions with the adsorbate of the nonframework cation. The force field reproduces accurately the sodium positions in dehydrated FAU-type zeolites known from crystallography and the available experimental adsorption properties of n-alkanes in faujasites over a wide range of sodium cation densities, temperatures, and pressures.
The applicability of this force field is manifold since it has been fitted in such a way that it is not limited to low pressure and pure adsorbents, for it also successfully reproduces the adsorption of binary mixtures at high pressure. First, the force field is suitable to predict sodium cation redistribution when n-alkanes adsorb, showing that cations in the sodalite cages are significantly more sensitive to the n-alkane loading than those in the supercages. Second, the force field is also suitable to predict adsorption properties in the low-pressure regime. From the resulting simulation data, we have obtained a simple empirical expression that describes the n-alkane Henry coefficient and adsorption enthalpy as a function of sodium density and temperature at low coverage, affording an adequate substitute for complex configurational-bias Monte Carlo simulations. 87 the simulations only qualitatively reproduce the preference for the shorter n-octane over the longer n-alkane for n-octane/n-tetradecane mixtures. ) and n-heptane (closed symbols) mixture obtained with CBMC simulations using (1) the previous available force field 50 (green circles) and (2) our new developed force field (red squares). The experimentally predicted crossover pressure is also included for comparison (blue line).
